Abstract A virulent strain of Pseudomonas syringae actinidae has invaded kiwifruit (genus Actinidia) orchards in New Zealand, making the study of Actinidia resistance genes critical. Examination of expressed sequence tag (EST) libraries constructed in various species of Actinidia showed that, based on homologies to Arabidopsis, many families of resistance genes were represented. The mapping of these genes to establish their chromosomal positions on the Actinidia chinensis genetic linkage map was facilitated by designing 71 primer pairs to the EST sequences. The genetic markers mapped across 22 of the linkage groups, both as individuals and as members of a cluster. The clusters were generally homologous in nature, though heterologous examples were present. A sample of genes representing both the basal defence and the resistance-gene mediated defence pathways, here termed collectively 'resistance genes', was characterised. Chromosomal sites of resistance gene markers representing a range of such genes have been identified and can be considered during the selection of parents in breeding programmes.
Introduction
Plants are under constant attack by various potentially pathogenic microbes. To counter this offensive, plants have developed detection and response systems that identify pathogen signals and initiate appropriate defences. Unlike animals which have mobile defensive systems, and both adaptive and innate immune systems, plants rely on the innate immunity of each cell and on systemic signals originating from infection sites which initiate defensive cascades. Early studies among accessions of the model plant Arabidopsis found that the plants showed variation in disease resistance and susceptibility when inoculated with different strains of the bacterial pathogen Pseudomonas syringae (Dong et al. 1991; Whalen et al. 1991; Dangl et al. 1992) . Some of this variation was the result of recognition of products of the specific bacterial avirulence genes avrRpt2 and avrRpm1, which allowed the plant to restrict the growth of an otherwise virulent P. syringae strain. This reaction identified avr-R gene pairs in Arabidopsis, and elucidation of the gene-for-gene hypothesis, first developed by Flor (1956) on studies of host-pathogen interaction of flax with Melampsora lini (rust), followed (Frank 1996a, b; Parker 1996; Baker et al. 1997; Agrawal and Lively 2002) . The resistance gene response to an avr effector
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is credited with initiating a series of signalling cascades such as rapid oxidative bursts, deposition of cell wall components for strengthening, the induction of defence genes and rapid cell death at the site of infection, all leading to disease resistance (Morel and Dangl 1997) .
Several disease-resistance genes, R genes, have been positionally cloned, the first being Pto, isolated from tomato (Martin et al. 1993) . Pto was found to encode a cytoplasmic, membrane-bound, serine-threonine kinase. Cloning of the Arabidopsis R genes RPS2 and RPM1, and the tobacco N and flax L genes followed (Bent et al. 1994; Mindrinos et al. 1994; Whitham et al. 1994; Ellis et al. 1995) . By the late 1990s, it was recognised that the resistance to all classes of microbial plant pathogens and insects could be conferred by a related gene set of NB-LRR proteins, so called for their characteristic nucleotide-binding (NB) and leucine-rich repeat (LRR) domains that act as molecular receptors. NB-LRR proteins have since been found to be ubiquitous in seed-bearing plants (Kedzierske et al. 2004; Torii 2004) .
Analysis of NB-LRR genes established that the NB domain was involved in signalling and contained several highly conserved and strictly ordered motifs such as the phosphate-binding loop (P-loop), Kinase 2 and Gly-LeuPro-Leu (GLPL) motifs (Meyers et al. 1999; Pan et al. 2000; Belkhadir et al. 2004 ). The LRR domain was suggested to be central to pathogen recognition specificity, as the motif was typically involved in protein-protein interactions and ligand binding with pathogen-derived molecules (Ellis et al. 1999; Tan and Wu 2012) . The NB-LRR genes may be divided into two classes, distinguished by the presence or absence of the N-terminal Toll/interleukin-1 receptor (TIR) homology region (Meyers et al. 1999; Richly et al. 2002) . Most of the genes that lack the TIR region have a coiled-coil (CC) motif. Dicotyledonous plants have been shown to have both TIR-NB-LRR and CC-NB-LRR resistance genes in relative abundance, but monocot proteins generally lack the TIR region.
Many of the proteins that have been identified point to the importance of secretion in defence, which was predictable based on the extracellular nature of most plant pathogens. Bacterial virulence factors, also known as effector proteins, injected and acting inside host cells, are recognised by the NB-LRR proteins, which leads to effector-triggered immunity (ETI). The effectors deployed by the pathogen to specific sites of action within the host cell contribute to the pathogen's virulence, presumably by damping, delaying and impeding host cell responses (Nomura et al. 2011; Spoel and Dong 2012) . Plants also recognise the presence of conserved pathogen molecules, collectively termed pathogen-or microbial-associated molecular patterns (PAMPs/MAMPs). Recognition of these elicitors is mediated by high-affinity cell surface receptors (Gómez-Gómez and Boller 2000; Shi et al. 2013 ).
Plant hormone signalling also plays a major role in determining the outcome of plant-pathogen interactions, with salicylic acid (SA), jasmonic acid (JA) and ethylene being among the best-characterised defence hormones .
Genes required for the function of the R genes have also been identified. Non-race-specific disease resistance 1 (NDR1), encoding a plasma membrane-localised protein, was shown to be required for R genes recognising both bacteria and oomycetes, thus indicating a conserved signalling mechanism exists for at least some R genes (Century et al. 1997) .
The genus Actinidia (kiwifruit) has long been of interest to New Zealand as the country that selected and commercialised the green-fleshed cultivar 'Hayward', Actinidia deliciosa (A. Chev.) C.F. Liang et A.R. Ferguson var. deliciosa, and the gold-fleshed 'Hort16A' Actinidia chinensis Planch. var. chinensis. While kiwifruit represent only a small proportion of the world-wide fresh fruit market, it is the leading export horticultural crop of New Zealand, and large breeding programmes support a well-established and expanding industry. In 2010 a virulent strain of Pseudomonas syringae pv. actinidiae (Psa) was identified as the causal agent for a recent economically damaging disease outbreak in Actinidia species in New Zealand.
New Zealand breeding germplasm had not previously been assessed for virulent Psa disease resistance so little was known about the resistance genes, or their genomic location. A gene-rich genetic map had identified all 29 linkage groups in the diploid species A. chinensis (Fraser et al. 2009) , and an extensive Expressed Sequence Tag (EST) database had been compiled from many tissues and stages of development of the parent genotypes in the Actinidia breeding programmes (Crowhurst et al. 2008) . Characterisation of the EST database had shown, through homologies to Arabidopsis and other sequenced genera, that putative resistance genes were represented. At the time of cDNA library construction Actinidia had not been challenged by the virulent strain of Psa, so none could be regarded as specific to the pathogen. Studies of strains of Psa causing disease in kiwifruit orchards in Italy had shown that none of the strains isolated possessed genes encoding the toxins phaseolotoxin or coronatine, known in other Psa strains, but all had effector proteins of the hop class (Ferrante and Scortichini 2010) .
As an initial step to locate defence-related genes that may be important in the control, or alleviation, of the pathogeninduced symptoms of infection in Actinidia, we have characterised and added a selection of such genes to the genomic map of A. chinensis. This information will ensure that regions of the genome that harbour potential defence genes are marked, and considered, during the development of an extensive breeding programme aimed at supplying new cultivars to the industry.
Materials and methods

Plant material and DNA extraction
An intraspecific mapping population of 272 plants was created in the diploid species A. chinensis. The parents were chosen for their geographic separation in China, and for the diversity of fruiting characteristics they exhibited, those of the male being inferred from the attributes of female siblings. The female parent originated from seed from Henan province, and the male parent from a seed accession from Guangxi province. Equal numbers of female and male plants were propagated after testing with the sex marker SmY (Gill et al. 1998) . Genomic DNA was extracted from young leaves of both parental genotypes and every individual in the mapping population. A sample was ground to powder in liquid nitrogen before being processed through a DNeasy Plant Mini Kit (Qiagen™) according to the manufacturer's instructions. The final eluate was 200 μl in volume. 5 μl of a 1:10 dilution of this eluate was used in each PCR reaction.
Putative defence-related gene identification
Candidate genes, likely to be associated with immune responses, were identified in the Plant & Food Research Actinidia EST database according to homologies to known resistance genes studied in Arabidopsis. This information was used to select a list of ESTs, representing a variety of such genes, for genetic mapping. Gene families having sequence homology to resistance and defence genes conferring activity against Pseudomonas species were chosen for mapping. The sequence data are available in GenBank Data Libraries under accession nos. FG527909-FG403522. The Actinidia ESTs were selected based on length and suitability of sequence for primer design. The EST sequences were characterised using ClustalW and Geneious version 5.6.3 created by Biomatters, available from http://www.geneious.com. Conserved motifs indicative of gene activity were identified by the National Centre for Biotechnology Information Domains and Structures, Conserved Domain Search Service http://www. ncbi.nim.gov, Motif Search (GenomeNet, Japan) and Pfam The Pfam protein families database.
Microsatellite identification and primer design
Microsatellites from the EST libraries were identified in silico as described by Fraser et al. (2009) . Primer pairs were designed for non-duplicated sequences using the software programme Primer3 (©1996, 1997 Primer3 (©1996, , and 1998 and by examination of the sequence. Primer pair sequences were chosen that gave a theoretical PCR product size between 200 and 450 bp, with an annealing temperature of 58°C, and with a GC content of approximately 50 %. Where possible, one of the primers of each pair was located before the microsatellite in the transcribed region, and the other was designed within the translated portion of the EST to facilitate marker transfer to other species. The primer pairs were synthesised and fluorescently labelled (Dye Sets DS-31 or DS-34) by Applied Biosystems, Australia. When a microsatellite was not found in the EST sequence, insertions and deletions (indels) were used as markers.
Polymerase chain reaction, electrophoresis, data analysis and map construction Primer pairs were screened for PCR amplification and length polymorphism with DNA samples of both parents of the mapping population and 94 progeny (96-well plate trial). A reaction mix of 15 μl containing 1×PCR buffer (20 mM TrisHCl, 50 mM KCl), MgCl 2 5 mM (the buffer and MgCl 2 were those supplied with the polymerase), 0.2 mM of each dNTPs, 4.5 pmol of each primer and 1.25 units of Platinum Taq polymerase (Invitrogen) was prepared for each DNA sample. About 12.5 ng of genomic DNA was added in 5 μl to bring the total PCR volume to 20 μl. PCRs were performed in a Techne™ TC-412 thermal cycler with a single cycle of 94°for 3 min preceding 35 cycles of denaturing at 94°for 30 s, annealing at 58°C for 30 s and elongation at 72°for 1 min. Single locus PCR reactions were carried out prior to combining to produce a three colour multiplex of products labelled with 6FAM, VIC or NED for analysis. The allelic content of each genotype was determined by capillary array electrophoresis in an ABI Prism® 3130 Genetic Analyzer (Filter Set D, ROX™ size standard) and analysed with GeneMapper™ Software Version 3.7 (Applied Biosystems). All markers were independently scored by two people for verification. Chisquared tests of goodness-of-fit to expected segregation ratios of 1:1:1:1, 1:2:1, 3:1 or 1:1 were carried out for all markers segregating in the F 1 progeny. Female, male and consensus linkage maps were constructed for the F 1 progeny using JoinMap® 3.0.
Results
We identified a set of 71 putative defence-resistance genes from an extensive Actinidia EST database through comparison with the characterised Arabidopsis database. They represented various resistance gene families that have been mapped to identify their positions on linkage groups (Online Resource  Table 1) .
A set of 71 primer pairs (Online Resource Table 2 ), designed to amplify those genes and to place the gene markers on the genetic map of A. chinensis, amplified a total of 97 polymorphic loci that were mapped. The number of loci mapped possibly indicates the presence of gene families.
The marker loci mapped to 22 of the 29 linkage groups identified by Joinmap (Table 1) , the number of loci on each linkage group varying between 1 and 11. Of the 97 polymorphic loci mapped, 37 were fully informative, 24 were female informative, 28 were male informative and 8 were partly informative.
The linkage groups most heavily populated with putative resistance gene markers were LG 1(11), LG 5(9), LG 22(10),
LG 24(8) and LG 25 (7) (Fig. 1 ). This result may reflect the fact that only a small number of putative resistance gene markers were tested, and/or that some of the linkage groups of the genetic map do not carry as many markers. Resistance genes have been found to form clusters that can be composed of genes of the same gene family (homologous clusters) or of mixed families (heterologous clusters; Michelmore and Meyers 1998; Kuang et al. 2004) . Similarly, we detected homologous and heterologous clusters. Some markers were clustered, while some were isolated among existing markers.
The nucleotide binding (NB)-leucine-rich repeat (LRR) resistance gene family
The nuclear binding site (NBS; NBS-ARC) of the sample sequences was identified with the Motif Searching tool. When the sequences were aligned using CLUSTALW multiple alignment programme, together with representative Arabidopsis data At3g070401.1, both conserved and variable amino acid sequences were observed (Fig. 2) .
As the NBS domain is central to functional competence, specific motifs must be present in the genes to ensure activity. Table 1 The distribution of loci identified on the A. chinensis genetic linkage map with primers designed to a variety of resistance gene families Lingkage group  1  2  3  4  5  7  10  11  13  14  15  17  18  19  20  21  22  23  24  25  27  29  Number of loci  11  3  1  2  9  2  6  3  2  4  5  1  3  1  6  6  10  3  8  7  1  3 Linkage groups 1, 5, 22, 24, and 25 carried the most loci, from 11 to 7, and the loci were present both in clusters and as individual markers
Ke1123 (5) Ke1062(1) HDA19 -binds SIM3 and ERF7 92.0 LG5 Fig. 1 Linkage groups with the highest numbers of resistance gene markers. With reference to the A. chinensis genetic linkage map, they were numbered LG 1 with eleven markers, LG 5 with nine markers,
LG 22 with ten markers, LG 24 with eight markers and LG 25 with seven markers. The putative genes that the markers represent belong to many resistance gene families Three peptide motifs, kinase 1a or the P-loop, kinase 2 and kinase 3a, that are critical for nucleotide binding in various ATP/GTP binding proteins were highly conserved in the domain. All three function in the interaction with the nucleotide. The phosphate-binding P-loop, with the pattern G-x(4)-G-K- [TS] , forms a glycine-rich, flexible loop between a β-strand and an α-helix, the loop then interacting with one of the phosphate groups of the nucleotide. The kinase 2 motif was seen to have an invariant aspartic acid residue that coordinates the divalent metal ion that is required for phosphotransfer reactions, while the third motif is that of kinase 3a, involved in binding the purine base or pentose of the nucleotide (Tameling et al. 2002) . The GLPL motif or 'hydrophobic domain' was conserved in the sample set as was the MHDL motif at the C-terminal of the domain. Some less highly conserved motifs were seen, and the domain was variable in length among the individual sequences.
Truncated messages were also detected. Derived amino acid sequences were found where premature stop codons terminated the message before all the conserved motifs were read. The sequence of EST 297874 in the alignment was found to have a stop codon after the kinase motifs and before the GLPL motif, and EST 2606650 was terminated toward the end of the NBS domain. Their presence in the EST database indicates that the genes were transcribed, however, we have no evidence that functional products were made.
There are residues within the domain that are specific to groups of NB-LRR genes and permit them to be divided into two classes (Fig. 3) . In group 1, a conserved phenylalanine (F) is followed, five residues downstream, by a second phenylalanine. In group 2, the second phenylalanine is replaced by a tryptophan (W) residue. Downstream of the second conserved site where four hydrophobic residues are followed by two negatively charged aspartic acid residues, a highly conserved tryptophan is seen only in group 2 genes. The F-F configuration is diagnostic for the TIR-NBS-LRR group 1, while the F-W identifies the CC-NBS-LRR group 2. Consistent with the situation that has been described in eukaryotes, examples of both groups were seen in the Actinidia sample set.
Leucine residues were highly represented in the sequences of the NBS sample set, being 12 % of the total residues, as were isoleucine and valine, at 6.5 and 7.1 % respectively. Overall, the hydrophobic amino acids accounted for 52.4 % of the residues comprising the region. These residues would be expected to be located in the core of the protein and shielded from the aqueous environment by the rest of the protein. The sample set were found to have relatively low percentages of identity (Table 2 ) both between group 1 and group 2 examples, and also within each group, suggesting that the genes represented have long been individual entities. The sequence variation also indicates that the protein region is not Fig. 2 The NBS-ARC domain of the sample set of Actinidia genes and reference Arabidopsis data were found to have strongly conserved sites relating to function. The P-loop and kinase motifs are shaded in black, as are the strongly hydrophobic site GLPL and the final conserved site within the NBS domain MHDL. Other conserved sites are indicated in grey shading important in gene function/activity, and can tolerate variation in amino acid sequence. While the motif features of At3g070401.1 indicate that it should belong to group 1, it can be seen to have higher sequence percentage identity with members of Group 2.
In a distance tree, constructed by Neighbor-Joining in Geneious, the three group 1 TIR-NBS-LRR genes were clustered together. The non TIR-NBS-LRR genes formed two separate clades, one of which was more closely associated with the TIR-NBS-LRR clade than with the other CC-NBS-LRR clade (Fig. 4) .
The LRR domain
Using the MHDV conserved motif in the NBS domain as reference point, and continuing to the C terminal, the length of the LRR domain among the sample set was quite variable ranging in length from 381 amino acid residues in EST 1719294 to 837 amino acid residues in EST 2300096 (Fig. 5) . While the domains showed similarities in the conserved motifs of the LRRs, the sample set had varying numbers of motifs, in general reflecting the length of the domain.
We examined the leucine-rich repeat motif with the highly conserved pattern LxxLxLxx[N/C]xL where 'L' can be leucine (L), isoleucine (I) or valine (V) and the 'N/C' (asparagine/cysteine) can also be represented by alanine, threonine or serine. It has been suggested that this conserved, or classic, motif can be modified to a shortened motif of LxxLxL as molecular modelling suggests this motif is sufficient to create the characteristic horseshoe curvature to proteins with 20-30-residue repeats (Kajava and Kobe 2002) . The LRR domains of the genes represented in the sample set (Online Resource Fig. 1 ) were found to have some variability in the conserved motif, and were very different in the following variable segment described in Fig. 6 .
The motifs tended to be clustered towards both terminals of the domain, with sequences varying in both length and residue Fig. 3 Two classes of NB-LRR genes can be distinguished by their conserved amino acid sequence. In group 1, the TIR-NBS-LRR group, a conserved phenylalanine (F) residue at position 24 is followed by a second highly conserved F five residues downstream. In group 2, the CC-NBS-LRR group, the second residue is replaced by a highly conserved tryptophan (W). Downstream, where four hydrophobic residues are followed by two negatively charged aspartic acid residues, a highly conserved W is seen only in group 2 genes identity occupying the central portion. 3′ terminal islands of variable sequence and length were also present between the LRR motifs. The most highly conserved motifs varied in number from three to ten in the set examined. The positions LxxLxL were occupied by aliphatic amino acids L, I or V, while the N/C position showed differing levels of conservation of the residue among the set. In EST 2300096, C was present in all but one of the ten motifs where it was replaced by A; whereas in EST 1724550, while C was the predominant residue, N and T also occurred in the eight motifs examined. EST 1808712 had a different residue at position nine in all five motifs. In the Actinidia genes the fifth conserved site could vary from residue 11 and was generally seen in positions 11 or 12. The position could be constant as in EST 2300096, or vary between the positions as in EST 1724550. In all LRR domains, the pattern LxxLxL was seen to occur without the ninth and following positions being present.
Sequence conservation within the deduced amino acid sequences of MPK6 homologues Mitogen-activated protein kinase (MAPK) signalling plays a critical role in plant disease resistance by initiating intracellular immunity pathways (Zhang and Klessig 2001) . A sample set of homologues was identified in the A. chinensis EST database when compared with Arabidopsis At2g43790.1 (encoding MPK6). There was a significant degree of conservation both within the A. chinensis sample set and between that set and Arabidopsis. In the protein sequence of 340 amino acid residues that included the MAPK conserved site (IPR003527), the protein kinase catalytic domain (IPR000719), the serine/threonine-protein kinase active site (IPR008271) and the protein kinase ATP binding site (IPR017441), differences were recorded among all six of the A. chinensis sequences (Table 3) indicating that each EST represented an individual gene.
In the sequence data presented in Fig. 7 , the protein kinase catalytic domain was identified between residues 19 and 306, with the A. chinensis and Arabidopsis sequences being the same length. At the N-terminal extremity of the catalytic domain, the ATP binding site, corresponding to the pattern
found between residues 27 and 51. Two highly conserved glycine (G) residues were present, as was the highly conserved final lysine (K). The two conserved glycines were found in the vicinity of isoleucine, a requirement in the binding motif as leucine has been implicated in ATP binding. Residue changes were found in the site. Two of the six A. chinensis sequences shared two changes, differing from the other four, while the Arabidopsis sequence varied at four residues. All changes were in the undefined (5-18) 3), between residues 143 and 155. Together, these two sites contained fewer residue changes than other sections of the catalytic site in comparison to Arabidopsis MPK6, with the incidence of residue changes increased toward the C terminal.
As all members of the sample carried within the catalytic domain accurate conserved recognition sites for activity of this class of gene product, they are likely to be active in resistance pathways in the plant.
Of the seven MPK6 homologues clustered on linkage group 22 (Fig. 1 ), all were seen to have amino acid differences to each other and to Arabidopsis (Table 4) . Five of the gene Fig. 5 The length of the LRR domain was variable in the sample set and in the Arabidopsis reference sequences. From the reference point of the MHDV conserved site, the final conserved site in the NBS domain 5′ to the LRR domain, sequence length ranged from 381 amino acid residues (EST 1719294) to 837 amino acid residues (EST 2300096) Fig. 4 Distance tree of the NBS domain of the sample set of Actinidia resistance genes constructed using Neighbor-Joining in Geneious with Arabidopsis At3g070401.1 sequence as an outgroup. The members of group 1 formed a clade while those of group 2 formed two separate clades, one of which was more closely associated with the group 1 clade than with the other group 2 clade markers were based on A. chinensis cDNA sequences and two were from A. deliciosa libraries (Fig. 8) . The distance tree demonstrates that all ESTs represented individual genes, and that the two ESTs sourced from A. deliciosa libraries were more closely linked to some of the A. chinensis-derived ESTs than to each other.
FSL2 (FLAGELLIN-SENSING 2): A MAMP resistance gene against pathogen attack
Pathogens may be recognised by the plant through the perception of conserved microbial structures, the MAMPs/PAMPs. One such MAMP that is known to stimulate MAP kinase signalling is the pattern recognition receptor-like kinase FLS2. The Actinidia homologue of the Arabidopsis FLS2 gene, EST 1696089, was included in the sample set of Actinidia resistance genes for mapping. The EST, represented by Ke990, mapped to linkage group 24. Several of the resistance genes in the sample mapped to this linkage group, in particular, genes identified through Blast searches as WIN1, NDR1 and leucine-rich repeat family proteins.
Multiple open reading frames (ORFs) were found in sequence from the location of the EST (Fig. 9a) . Sequence comparison and Blast searches showed that these were also FLS2 genes. Exon 1 of proteins 1 and 2 was 3,258 bases in length while exon 1 of protein 3 was 3,261 bases in length. Exon 2 of protein 1 was 414 bases while exon 2 of proteins 2 and 3 was 450 bases in length. The introns in all three proteins were 729 bases long. The separation between proteins 1 and 2 was only 130 bases.
Deduced amino acid sequence alignment of the three genes showed that a single residue at the start of exon 1 in protein 3 was the only difference in exon 1 (Fig. 9b) . Exon 2 showed more sequence diversity, and the differences varied between any two of the proteins. The variable region commenced at the same point in the proteins. The 5′ region of exon 2 was identical over 112 residues with the variable region confined to the 3′ terminal. The serine/threonine protein kinase active-site signature [IVHCDLKPSNILF] occurred in exon 1 (Fig. 9c) . A comparison with four other Actinidia FLS2 homologues showed between one and four residue changes at the 5′ terminal of exon 1, and deletions of 31 and 55 residues, together with some sequence variation, 3′ of the protein kinase activesite signature in the four (data not shown). The two ORFs seen in the sequence between proteins 2 and 3 did not have any sequence homology with the FLS2 sequences.
Discussion
This study reports on the identification, mapping and characterisation of a sample set of putative resistance genes in Actinidia species (kiwifruit) through homologies to Arabidopsis resistance genes. Because kiwifruit is a comparatively 'new' fruit crop, with all the parental material in breeding programmes being very few generations away from wild populations, little is known about putative resistance genes. So the results of this study provide valuable information in determining where they reside on the chromosomes, the level of diversity in gene families, or their potential for activity against Psa.
According to molecular studies Actinidia has a complex history of hybridity and polyploidization (Chat et al. 2004 ). In some species, and races within those species, ploidy levels from diploid to octoploid can be observed. While the mapping population in this study was functionally diploid, it has long been suggested that diploid Actinidia species are paleopolyploids (Goldblatt 1980; McNeilage and Considine 1989; Yan et al. 1997 ). This view is supported by cytological evidence of the base chromosome numbers of the three extant genera of the Actinidiaceae, Saurauia (x=13), Clematoclethra (x=12) and Actinidia (x=29), that indicated that Actinidia was likely to be a paleotetraploid, with chromosome doubling followed by diploidization (He et al. 2005) . Shi et al. (2010) examined the occurrence of ancient genome duplications during the evolution of Actinidia and related Ericales by calculating synonymous divergences (K s ) for duplications within gene families. This study provided evidence for a well established, whole-genome doubling that occurred prior to the divergence of the taxa examined, a doubling shared by Actinidia and Camellia that took place about 75.9 million years ago, and a third doubling, specific to Actinidia, that Shi et al. (2010) dated to 28.3 million years ago. In addition to ancient whole-genome duplication events, recent smallscale doubling events may also have taken place by various processes (Blanc and Wolfe 2004; Wendel 2000) . All such doubling events would provide an increase in genes available to evolve resistance to disease, and therefore, surplus genes were available for altered specificity to pathogen attack.
Plants have evolved an active defence system with two approaches. The first, the basal defence system, uses transmembrane receptors to detect MAMPs. The system is activated by these elicitors, generic signals that alert the plant to the presence of a pathogen. MAMPs, e.g., flagellins, are evolutionarily stable, core components, of the microorganism that 
cannot be surrendered, or significantly altered, without disabling the pathogen. However, some pathogen species have been identified where some variability in the conserved/ recognised flagellin domain has been detected, both within species and within pathovar, permitting the pathogen to avoid detection by the host (Felix et al. 1999; Andersen-Nissen et al. 2005; Sun et al. 2006) . The effectiveness of the basal defence system in restricting pathogen incursions is limited because it is predicated on the static nature of the components. During mapping procedures of a putative FSL2 resistance gene, a MAMP receptor of flagellin, we found that three highly similar genes were present within a short region of linkage group 24. A single amino acid change at the 5′ terminal in protein 3 (Ke990) marked exon 1 and exon 2 carried a variable region at the extreme 3′ terminal in all three sequences. The comparison with other ESTs representing FLS2 genes showed that, while markedly conserved and with MAMP receptors known to be relatively stable and heritable (Bent and Mackey 2007) , such a high percentage identity was not general among the sample. This level of homology among the three clustered protein sequences suggests that these genes had a common origin, and are the result of a comparatively recent, and fairly localised, duplication event. The fragment of a putative LRR sequence seen between proteins 2 and 3 could possibly have been the result of an incomplete doubling.
The second aspect of the defence system is activated when microbes that are adapted to host plants express a suite of effector proteins directly into the plant cell. Many gramnegative plant pathogenic bacteria, of which Pseudomonas syringae is an example, depend on effector proteins encoded by Avr genes, such as the Hop genes, entering the cytosol by the bacterial type III secretion system (Büttner and He 2009 ). The plant resistance gene products recognise the effector proteins of the bacterial Avr genes directly (Jia et al. 2000; Dodds et al. 2006) or indirectly (Mackey et al. 2002; Shao et al. 2003; Rooney et al. 2005) . The guard and decoy hypotheses propose that the effectors on entering the plant cell cause 'perturbation' of the resistance system, separate from the resistance gene products (Bent and Mackey 2007) . The virulence target may be an accessory protein (guard model), or a structural mimic of such a target (decoy model) and this perturbation acts as a signal for the activation of the resistance genes (Ade et al. 2007; Marone et al. 2013) .
Of the five classes of resistance genes recognised, studies of the largest family of resistance genes, the NBS-LRR family, have shown that the NBS domain is active in signalling and contains highly conserved and strictly ordered motifs, while the LRR domain has the structural character for proteinprotein interactions. LRRs are highly adaptable domains from which very different binding specificities can evolve. Studies have shown that these domains can be under diversifying Seven of the gene markers mapped to LG 22 and one marker in the sample, Ke972, mapped to LG 1. Six of the seven markers mapping to LG 22 were clustered over a distance of 6 cM, and every marker mapped to a different position indicating that each was an individual gene. The seventh marker mapped 13.1 cM from the cluster Fig. 8 Distance tree of the amino acids of the Actinidia EST homologues of MPK6 that mapped to linkage group 22 and linkage group 1 constructed a distance tree using Neighbor-Joining in Geneious with the Arabidopsis MPK6 sequence as an outgroup a b c selection (Ellis et al. 1999; Jones and Dangl 2006) , particularly at the level of predicted solvent-exposed residues along the concave face of the LRR where they not only lack conservation, but are significantly more diverse than expected from random drift (Bent and Mackey 2007) . Selection pressure would advance the development of new host-pathogen specificities to recognise changing pathogen Avr proteins. The NBS domain of the Actinidia sample displayed the highly conserved motifs related to function in most instances, but we also noted the presence of truncated ESTs. While some shortened transcripts are likely to be artefacts of library construction, the ESTs truncated through a premature stop codon, or indeed full-length transcripts as compared to Arabidopsis, could be pseudogenes and, while transcribed, evidenced by the presence of ESTs, may not produce functional proteins or be active in the resistance pathways of the plant. In two of the ESTs of the NBS-LRR sample set a premature stop codon terminated the transcript, one after the motifs of the kinase sites (EST 297874) and the other before the LRR domain (EST 2606650). It has been suggested that an NBS domain lacking an LRR domain is free to attach an alternative LRR domain, and so alter pathotypic specificity. Richly et al. (2002) proposed that recombination between diverse NSB-LRR-encoding genes could drive the evolution of resistance specificities; however, Meyers et al. (2003) report that their data indicated that such wide recombination events rarely occurred, if at all. There is also evidence that the resistance cascades are tightly regulated (Marone et al. 2013) . The LRR domains in the Actinidia resistance proteins were extremely variable in both length and sequence. The conserved LRR motifs were also variable in number, and carried residue differences and positional changes, mainly in the C terminal of the motif. All the putative proteins demonstrated numerous differences from each other so that all were the products of individual genes, and therefore, potentially with individual specificities against pathotype attack.
While the NBS domain percentage identities would suggest that members of the sample set were separate genes before the evolutionary split from Arabidopsis, caution must be taken in such evaluations as some genes may have been subjected to strong selective pressure for new variants (Charlesworth 2010) , and therefore, show greater diversity in their amino acid sequence.
We recognised both TIR and CC sub-groups in the Actinidia NBS-LRR genes evaluated. Evolution of resistance-gene homologues has been studied, and Cannon et al. (2002) suggested that evolutionary histories are different for the two groups. They developed the theory that the TIR-type NBS domain is more closely related to the NBS domains in early land plants and the CC-type NBS is a later, derived innovation that arose before the split of Lycophytes (Yue et al. 2012 ).
Clustering of disease resistance genes has been studied and reported in many plants and molecular characterisation of such clusters has shown that some consist of both active and inactive variants of a single gene type, while others contain genes of different categories Michelmore and Meyers 1998) .
A cluster of MPK6 markers that mapped to linkage group 22 was made up of genetic markers sourced from both diploid A. chinensis and hexaploid A. deliciosa. The taxonomic distance of these two groups has been questioned. At one time, both were included in A. chinensis, then were recognised as separate species (Liang and Ferguson 1984) with the situation now undetermined. It is apparent that A. chinensis has contributed to the genetic make-up of A. deliciosa, but whether A. deliciosa is auto-or allo-polyploid is unresolved, with some genetic evidence supporting both positions. Phylogenetic analysis of the MPK6 homologues would suggest that the markers sourced from A. deliciosa were individually more closely related to the A. chinensis markers than to each other.
Plant breeding for improvement of disease resistance can use two general categories of resistance: complete or qualitative resistance, usually controlled by a single resistance gene, and incomplete or quantitative resistance utilising multiple genes, each with a partial effect (Marone et al. 2013) . Complete resistance through a single resistance gene is easy to manipulate but is often limited to a specific pathogen, and less durable as pathogens evolve. Quantitative resistance involving many genes has broader specificity and durability. To breed for highest plant health against a range of pathogens, resistance genes from both categories may be introduced into the plant by 'gene pyramiding' or 'stacking'. In this process, molecular markers can greatly assist by identifying genes and alleles that are most likely to produce phenotypes with the required specificities for pathogen recognition.
In this study, our primary purpose was to map putative resistance genes of varying activity and specificity against pathogen attack, and to identify chromosomal sites most likely to be useful in breeding genotypes. We have identified linkage groups where a disproportionate number of resistance genes reside. Further Actinidia sequencing and the published draft genome sequence of A. chinensis (Huang et al. 2013 ) will be useful to identify additional resistance genes and confirm our results.
A distinctive and reliable disease-resistance phenotype is required to relate genes to phenotype. Various disease Fig. 9 The cluster of FLS2 genes found on linkage group 24 where one of the genes was represented by marker Ke990. The three genes were homologous over much of their length with only the 3′ terminal of exon 2 showing sequence variation. a The positions of three FLS2 genes relative to each other on a fragment of sequence of linkage group 24. Between protein 2-exon 2 and protein 3-exon 1 an open reading frame was identified as possibly a fragment of an LRR gene. b The alignment of three FLS2 resistance genes showing the level of homology. c Sequence of the three FLS2 genes showing the protein kinase active site and the sequence variation at the 3′ terminal of exon 2 symptoms must be evaluated for their weighting in evaluating resistance, or tolerance, to pathogen challenge. As EST libraries represent expression at the time of library construction, that is prior to exposure of Actinidia in New Zealand to the virulent strain of Psa, none of the markers can be regarded as specific to the pathogen. However, many were characterised as having potential to be active against Psa. When a confirmed phenotype for Psa resistance becomes available and segregating populations are identified, the genetic map will be ready for studies of resistance gene markers. This will allow characterisation of breeding germplasm to ensure inclusion of loci likely to improve resistance/tolerance to Psa, and/or to a range of bacterial pathogens.
